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Lateral gene transfer affects the evolutionary path of key genes involved in ancient metabolic traits, such as
sulfate respiration, even more than previously expected. In this study, the phylogeny of the adenosine-5’'-
phosphosulfate (APS) reductase was analyzed. APS reductase is a key enzyme in sulfate respiration present in
all sulfate-respiring prokaryotes. A newly developed PCR assay was used to amplify and sequence a fragment
(~900 bp) of the APS reductase gene, apsA, from a taxonomically wide range of sulfate-reducing prokaryotes
(n = 60). Comparative phylogenetic analysis of all obtained and available ApsA sequences indicated a high
degree of sequence conservation in the region analyzed. However, a comparison of ApsA- and 16S rRNA-based
phylogenetic trees revealed topological incongruences affecting seven members of the Syntrophobacteraceae and
three members of the Nitrospinaceae, which were clearly monophyletic with gram-positive sulfate-reducing
bacteria (SRB). In addition, Thermodesulfovibrio islandicus and Thermodesulfobacterium thermophilum, Ther-
modesulfobacterium commune, and Thermodesulfobacterium hveragerdense clearly branched off between the ra-
diation of the &-proteobacterial gram-negative SRB and the gram-positive SRB and not close to the root of the
tree as expected from 16S rRNA phylogeny. The most parsimonious explanation for these discrepancies in tree
topologies is lateral transfer of aps4 genes across bacterial divisions. Similar patterns of insertions and
deletions in ApsA sequences of donor and recipient lineages provide additional evidence for lateral gene
transfer. From a subset of reference strains (n = 25), a fragment of the dissimilatory sulfite reductase genes
(dsrAB), which have recently been proposed to have undergone multiple lateral gene transfers (M. Klein et al.,
J. Bacteriol. 183:6028-6035, 2001), was also amplified and sequenced. Phylogenetic comparison of DsrAB- and
ApsA-based trees suggests a frequent involvement of gram-positive and thermophilic SRB in lateral gene

transfer events among SRB.

One of the oldest types of biological energy conservation on
Earth is sulfate respiration, which developed ~2.8 to 3.1 billion
years ago (3, 37). The evolutionary diversification of sulfate-
reducing prokaryotes (SRP) since then should, in principle, be
reflected in the history of their genes. However, lateral gene
transfer (LGT) (32), which appears to be an important and
frequent event in evolution (26), even across domains (1), may
blur the evolutionary conclusions about certain enzymes (8).
There is mounting evidence that genes coding for key enzymes
of sulfate respiration were transferred horizontally from gram-
positive bacteria to archaeal Archaeoglobus spp. (14, 20, 41).
More recently, Klein et al. (19) discovered the occurrence of
multiple lateral transfers of genes coding for the dissimilatory
sulfite reductase (dsrAB) among SRP. The phylogenetic tree
based on comparative sequence analysis of DsrAB gene frag-
ments of >30 reference strains was partially inconsistent with
the corresponding 16S rRNA-based phylogenetic tree. It was
concluded that dsrAB genes of several Desulfotomaculum spp.
(low-G+C gram-positive division), Thermodesulfobacterium
spp., and Desulfobacula toluolica had been laterally transferred
from unidentified ancestors of sulfate-reducing bacteria (SRB)
within the &-proteobacteria.
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Whereas dissimilatory sulfite reductase occurs also in non-
sulfate-reducing, sulfite-respiring microorganisms, such as Py-
robacculum islandicum (29), Desulfitobacterium spp. (15, 19,
21), and Bilophila wadsworthia (24), other sulfate-respiring
prokaryotes possess adenosine-5'-phosphosulfate (APS) re-
ductase in addition to sulfite reductase (35). After activation of
the chemically inert sulfate by ATP sulfurylase (9) the Fe-S
flavoprotein APS reductase (EC 1.8.99.2) catalyzes the two-
electron reduction of APS to sulfite and AMP (E,” = —60
mV). It has been assumed that the same enzyme activity cat-
alyzes also the inverse reaction in a variety of sulfur-oxidizing
bacteria (for a review see reference 11); however, this “re-
verse” function has recently been questioned in connection
with the phototroph Allochromatium vinosum (5). The genes
for APS reductase, apsBA (Desulfovibrio vulgaris; GenBank
accession no. Z69372) and aprBA (Archaeoglobus fulgidus and
Allochromatium vinosum [14] and Desulfovibrio desulfuricans
[12]) encode subunits that appear to form a 1:1 «af het-
erodimer (12). Both subunits of the APS reductase are highly
conserved (12), and the APS reductase genes have been pro-
posed as a useful phylogenetic marker (14). However, it is still
under debate whether the APS reductase genes of Archaeoglo-
bus fulgidus were transferred from an ancestral donor within
the domain Bacteria (14).

Recently, new assays for the PCR amplification of fragments
from the apsA gene have been developed (7, 49) and utilized to
study the diversity and distribution of SRB in gastrointestinal
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TABLE 1. PCR primers utilized for the amplification of aps4 gene fragments

Primer Sequence (5'—3")° Primer binding site” Reference
APS-FW TGG CAG ATM ATG ATY MAC GG 481-500 7t
APS-RV GGG CCG TAA CCG TCC TTG AA 847-866 7
APS-uni-F TGG CAG ATV ATG ATY MAC GG 481-500 This study”
APS7-F GGG YCT KTC CGC YAT CAA YAC 206-236 This study
APS7a-F GGG YCT SAG CGC YAT CAA'Y 206-234 This study”
APS7b-F GG YCT STC CGC YAT CAA Y 205-234 This study”
APS8-R GCA CAT GIC GAG GAA GTC TTC 1139-1159 This study

“ Positions of the Desulfovibrio-vulgaris apsA open reading frame.

® Published primer sequence contains an additional G at the 3’ end, which was a typing error (B. Deplancke, personal communication).

¢ Primer is a modification of primer APS-FW.
@ Primer is a modification of primer APS7-F.
¢ Degenerate positions are in boldface.

tracts. However, the lack of a thorough phylogenetic frame-
work of APS reductase from cultivated sulfate reducers still
prevents a reliable assignment of molecular, environmental
sequences to known taxa of sulfate reducers and thus prevents
the use of the apsA gene as a functional marker gene for
molecular ecology studies.

This study analyzed the evolutionary relationship of a wide
taxonomic range of SRP based on the a-subunit of the APS
reductase (ApsA). A new PCR assay targeting the aps4 gene
was developed, and apsA PCR products were directly se-
quenced and comparatively analyzed. Incongruences between
phylogenetic trees of ApsA and 16S rRNA genes revealed
evidence for the intradomain lateral transfer of the aps4 gene
among distantly related gram-positive SRB and distinct groups
of 3-proteobacteria, comprising members of the Syntropho-
bacteraceae and the Nitrospinaceae. A comparison of DsrAB-
and ApsA-based phylogenetic trees revealed patterns of LGT
for key enzymes of SRP.

MATERIALS AND METHODS

Microorganisms. Reference strains of validly described sulfate-reducing mi-
croorganisms (see Table 2) were obtained from Kai Finster (Aarhus, Denmark),
Alexander Galushko (Konstanz, Germany), Bernhard Schink (Konstanz, Ger-
many), Hans Scholten (Marburg, Germany), and the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (Braunschweig, Germany) either as lyophi-
lized cells or as actively growing cultures. Archaeoglobus veneficus (DSM11195)
was isolated by K. O. Stetter (University of Regensburg, Regensburg, Germany).

DNA isolation. Cells of exponentially growing cultures (10 ml) were harvested
by centrifugation and washed with 120 mM sodium phosphate buffer, pH 8.0,
before DNA extraction. DNA from lyophilized cells of reference strains was
directly extracted without further cultivation of the bacteria. Genomic DNA was
extracted from reference strains using a direct-lysis protocol modified from that
described by Moré et al. (30) as described previously (13). Briefly, cells were
disrupted by bead beating (45 s at 6.5 m s~ ') in a sodium dodecyl sulfate solution.
DNA was purified from the supernatant with ammonium acetate, isopropanol,
and ethanol precipitation steps. The DNA extracts were further purified using a
silica matrix-based purification protocol (EasyPure; Biozym, Hess. Oldendorf,
Germany). Aliquots of DNA extracts were analyzed by standard gel electro-
phoresis to verify extraction.

PCR amplification of aps4 gene fragments. The nomenclature of the APS
reductase gene operon has not yet been resolved, and aps and apr have been used
synonymously. In this paper, apsA is used to designate the APS reductase a-sub-
unit gene.

An ~390-bp apsA segment was amplified by PCR from genomic DNA of pure
cultures as described by Deplancke et al. (7) using primers APS-FW and
APS-RV (Table 1). Longer apsA fragments were amplified using primers
APS7-F (and its derivatives) and APS8-R (~900 bp; Table 1). The reaction
mixture contained, in a total volume of 50 pl, 25 wl of 2X premix E (Epicentre
Technologies, Madison, Wis.), a proprietary PCR premix (containing 400 pM
deoxynucleoside triphosphates, 5 mM MgCl,, and 4X betaine as a PCR enhanc-

er), 2 pM primer APS7-F, 0.5 pM primer APS8-R, and 1.25 U of AmpliTag
DNA polymerase (Applied Biosystems, Weiterstadt, Germany). DNA from pure
cultures (~20 ng of nucleic acids) was added as the template. All reaction
mixtures were prepared at 4°C in 0.2-ml reaction tubes to avoid unspecific
priming. Amplification was started by placing the reaction tubes into the pre-
heated (94°C) block of a Gene Amp 9700 thermocycler (Applied Biosystems).
The standard thermal profile for amplification was as follows: an initial dena-
turation step (3 min, 94°C) was followed by 30 to 35 cycles of denaturation (30
s, 94°C), annealing (55 s, 60°C), and extension (60 s, 72°C). After a terminal
extension (7 min, 72°C), the samples were kept at 4°C until further analysis. For
PCR screening of apsA4 gene fragments, the annealing temperature was altered
in a range between 45 and 60°C as indicated in Table 2. Aliquots of the amplicons
(5 pl) were analyzed by electrophoresis on 1% agarose gels and visualized after
staining with ethidium bromide using a gel imaging system (MWG Biotech).

PCR ambplification of dsrAB gene fragments. An ~1.9-kb fragment encom-
passing parts of the dissimilatory sulfite reductase genes dsr4 and dsrB was
amplified using primers DSR1-F and DSR4-R (41). Reaction mixtures con-
tained, in a total volume of 50 wl, 25 ul of 2X premix E, 0.5 wM (each) primer,
genomic DNA (~20 ng of nucleic acids), and 2.0 U of AmpliTag DNA poly-
merase. The thermal profile for amplification was as follows: an initial denatur-
ation step (2 min, 94°C) was followed by 38 cycles of denaturation (45 s, 94°C),
annealing (45 s, 54°C), and extension (90 s, 72°C) and one terminal extension
step (5 min, 72°C).

PCR amplification of 16S rRNA gene fragments. 16S rRNA genes were am-
plified from genomic DNA of pure cultures using primers 27F and 1492R (22) or
the primer pair 27F (22) and 1542R (18). Reaction mixtures contained, in a
volume of 50 pl, 10 pl of 10X PCR buffer, 0.5 pM (each) primer, 50 uM
deoxynucleoside triphosphates, 1.5 mM MgCl,, and 1.25 U of AmpliZ7ag DNA
polymerase. DNA from pure cultures (~20 ng of nucleic acids) was added as the
template. The thermal profile for amplification was as follows: an initial dena-
turation step (2 min, 94°C) was followed by 30 to 35 cycles of denaturation (30
s, 94°C), annealing (45 s, 55°C), and extension (60 s, 72°C) and one terminal
extension step (5 min, 72°C).

Sequencing. PCR products of apsA4 genes were directly sequenced using prim-
ers APS-FW and APS-RV, APS-uni-F and APS-RV, APS7-F (and its deriva-
tives), and APS8-R (Table 1), and dsrAB PCR products were sequenced using
primers DSRIF and DSR4R and sequencing primers DSR6F (5'-ATC GGC
ACM TGG AGA GAC-3'), DSRT7F (5'-KCC ATC GCB CGT TCC GAC-3'),
DSRSF (5'-GGC MAG AAC CGY GAG CGY-3"), DSRIF (5'-MCA ACC CST
AYA TCT TCT-3'), and DSRI10F (5'-GGA AGA RGG CAA RAA CCG-3').
16S rDNA PCR products were sequenced using primers 27F, 533R, 907R (44),
1542R (18), 1114F, and 1368R (10). PCR products were purified with the QIA-
quick PCR purification kit (Qiagen, Hilden, Germany) and sequenced using the
ABI BigDye terminator cycle sequencing kit (Applied Biosystems) with 100 ng of
template DNA as specified by the manufacturer. Cycle sequencing products were
purified from excess dye terminators and primers using Autoseq G-50 columns
(Amersham-Pharmacia Biotech, Freiburg, Germany) and analyzed with an ABI
373 or 377 DNA sequencer (Applied Biosystems).

Sequence data analysis and phylogenetic placement. Raw sequence data were
assembled and checked with the Lasergene software package (DNASTAR, Mad-
ison, Wis.). The data were phylogenetically analyzed (i.e., alignment, treeing)
using the ARB (version 2.5b; O. Strunk and W. Ludwig, Technische Universi-
tat Miinchen, Munich, Germany [http://www.biol.chemie.tu-muenchen.de/pub
/ARB/]), PHYLIP (J. Felsenstein, PHYLIP [phylogeny inference package], ver-
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sion 3.6; Department of Genetics, University of Washington, Seattle), and PUZ-
ZLE (version 5.0) (39) software packages.

Briefly, deduced APS amino acid sequences were fitted manually into an
alignment of APS sequences retrieved from public databases (2) using Genetic
Data Environment (version 2.2) as implemented in the ARB software package.
Regions of ambiguous homology and insertions or deletions (indels) not present
in all sequences analyzed were excluded, yielding an amino acid data set with 252
positions. Trees were reconstructed from distance matrices using FITCH
(PHYLIP), neighbor-joining (ARB and PHYLIP), parsimony (PROTPARS;
PHYLIP), and maximum-likelihood (PROTML; Institute Pasteur [http:
/[bioweb.pasteur.fr/seqanal/interfaces/molphy.html]; PUZZLE) methods. Dis-
tance matrices were calculated using PROTDIST with the Dayhoff PAM 001
matrix as the amino acid replacement model (6). FITCH trees were recon-
structed using the global rearrangement and randomized species input order
(“jumble,” random number seed 7, seven times) options. Bootstrap analyses were
performed using parsimony analysis (500 resamplings; randomized input order,
“jumble” three times) or neighbor joining (100 resamplings) as implemented in
the PHYLIP package. PUZZLE analysis was performed using tree reconstruc-
tion by Quartet Puzzling (QP; 10,000 or 25,000 puzzling steps), approximation of
parameters using a neighbor-joining tree, and either JTT (Jones, Taylor, Thorn-
ton [17]), variable-time (31), or the WAG matrix (45) as amino acid replacement
models (amino acid frequency was estimated from the data set) and assuming
either a uniform rate of evolution or a gamma distribution. All trees were
reconstructed as “unrooted.”

Deduced dsrAB sequences were analyzed similarly. Regions of ambiguous
homology and indels not present in all sequences analyzed were excluded, yield-
ing an amino acid data set with 528 positions for the concatenated data set (19).
Phylogenetic trees were reconstructed as described above.

16S rRNA gene sequences were phylogenetically analyzed using distance ma-
trix (neighbor-joining and FITCH using the Kimura two-parameter model),
parsimony (DNAPARS), and maximum-likelihood methods (fastDNAML [33];
PUZZLE) by including only nucleotide positions with >50 to 100% invariance.
Statistical support for tree topologies was obtained by bootstrap resampling
(parsimony, n = 100; neighbor joining, n = 500) or PUZZLE analysis (QP;
nucleotide substitution model by Tamura and Nei [40]).

Nucleotide sequence accession numbers. Sequences of reference strains were
deposited in the GenBank database under accession no. AF418106 to AF418168
(apsA), AF418182 to AF418203 (dsrAB), and AF418169 to AF418181 (16S
rRNA genes) as specified in Table 2.

RESULTS

PCR amplification of aps4 fragments from sulfate-reducing
microorganisms. PCR amplicons of the aps4 gene with the
expected sizes (390 to 400 bp) were obtained from a wide
phylogenetic range of sulfate-reducing microorganisms using
primer combination APS-FW and APS-RV (Table 2). These
included mostly d-proteobacteria of the order “Desulfovibrion-
ales” and of the families “Desulfobulbaceae,” “Syntrophobacter-
aceae,” and “Nitrospinaceae.” However, we were unable to
obtain an apsA4 amplicon using the standard PCR conditions
(annealing temperature at 60°C [7]) for the thermophilic sulfate-
reducing Thermodesulfobacterium spp. and Thermodesulfo-
vibrio spp.; some gram-positive sulfate-reducing Desulfo-
tomaculum spp.; some members of the Desulfobacteraceae; and
Desulfobulbaceae, Desulfobacca acetoxidans, and Desulfobacte-
rium anilini (Table 2). A new primer pair comprising APS7-F
and APS8-R (Table 1) was developed based on the comparison
of conserved sites in full-length apsA/aprA sequences of Desul-
fovibrio vulgaris, Desulfovibrio desulfuricans, Allochromatium vi-
nosum (GenBank accession no. U84759), and Archaeoglobus
fulgidus. Use of this primer pair allowed the amplification of an
~900-bp fragment of the aps4 gene from a wide range of
sulfate-reducing microorganisms, thereby providing consider-
ably more information for phylogenetic analyses. Notably,
apsA PCR products were obtained from the thermophilic sul-
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fate-reducing Thermodesulfobacterium spp. and Thermodesul-
fovibrio islandicus, as well as members of the “Desulfobacter-
aceae” (Table 2). For some species, amplification required a
considerable reduction of the annealing temperature to 45°C
using primers APS7-F and APSS8-R, e.g., Desulfotomaculum
spp. Even at the lower annealing temperatures, PCR amplifi-
cation using these primers failed for most members of the
“Syntrophobacteraceae.” Derivatives of primer APS7-F, e.g.,
APS7a-F and APS7b-F, with variations in degenerate codons
(Table 1) were successfully used to obtain a PCR product also
from members of the “Syntrophobacteraceae” and most Desul-
fotomaculum spp. We were unable to obtain amplification
products using all primer pairs for only a few species, such as
Desulfosporosinus orientis, Thermodesulfovibrio yellowstonii,
Desulfotalea psychrophila, and Desulfobacca acetoxidans (Table
2); however, the 16S rRNA genes of these strains could be
amplified, verifying the quality of the genomic DNA for am-
plification.

Phylogeny of APS reductase. aps4 PCR fragments (primer
pair APS7-F and APS8-R) were directly sequenced, yielding
sequences varying in length between 860 and 950 bp. The
absence of ambiguous nucleotides in sequences of all strains
tested indicated that probably only one apsA4 gene copy is
present in each strain. The deduced ApsA amino acid se-
quences (n = 60) of fragments >860 bp and the published
complete AspA sequences of Archaeoglobus fulgidus, Desulfo-
vibrio vulgaris, and Desulfovibrio desulfuricans were aligned.
Amino acid positions that could not be aligned unambiguously
or that included indels were excluded from phylogenetic anal-
ysis by using filters, yielding a data set with 252 amino acid
positions (Desulfovibrio vulgaris ApsA positions 82 to 375) for
phylogenetic analysis.

ApsA amino acid sequences analyzed were >53% similar,
and intrafamily similarities were >80% (Table 3). Notably,
sequence similarities among Archaeoglobus spp. were low (71
to 83%), which contrasts with the close similarity of the known
species on the 16S rDNA level (93 to 98%). The ApsA amino
acid sequence of Archaeoglobus fulgidus differed the most from
those of Archaeoglobus profundus and Archaeoglobus veneficus
(73 and 71%, respectively). Unexpectedly, the ApsA amino
acid sequences of members of the Syntrophobacteraceae and
Nitrospinaceae were more similar to those of gram-positive
Desulfotomaculum spp. than to those of gram-negative 8-pro-
teobacterial SRB.

The deduced ApsA amino acid sequences were phylogeneti-
cally analyzed and compared using distance matrix (FITCH,
neighbor-joining), maximum-parsimony, and maximum-likeli-
hood methods (PROTML, PUZZLE). The phylogeny of SRP
based on ApsA sequence analyses was compared to the phy-
logeny based on 16S rRNA gene and DsrAB analyses. All
treeing methods used (distance matrix, parsimony, and maxi-
mum-likelihood) for ApsA- and 16S rRNA-based phylogenies
indicated similar relative branching orders of most taxa (Fig.
1). Both trees were rooted with the archaeal Archaeoglobus
spp. Certain branch points of the gram-positive SRB lineages
and of the “Desulfobacteraceae” branch of the 8-proteobacteria
were resolved poorly, as indicated by low bootstrap values.
These branch points were indicated as “multifurcations” (27)
(Fig. 1), which were also directly shown by PUZZLE analysis
(not shown).
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TABLE 3. ApsA sequence similarities of selected sulfate-reducing microorganisms representing major lineages of
sulfate-respiring prokaryotes”

% Amino acid sequence similarity to:

E S 5 N
Sulfate-reducing microorganism 2 3 2 E\ % . E % § § § | . . .§ g § .

$ 8 £ £ % f & & § 2 § §T § £ & % & & 18
d @4 4 4 &8 4 /& E K B /& v & @ 4 4 < =« <

Desulfobacter curvatus

Desulfobacter postgatei 95.5

Desulfosarcina variabilis 833 82.3

Desulfobulbus rhabdoformis 719 719 735

Desulfofustis glycolicus 73.7 7377 753 82.2

Desulfovibrio vulgaris 65.4 65.0 68.2 67.5 66.3

Desulfovibrio fructosovorans 65.5 655 683 70.0 68.9 87.7

Thermodesulfobacterium thermophilum 67.3 66.5 66.2 624 63.7 64.5 66.1

Thermodesulfobacterium c 67.0 66.3 66.4 62.5 63.4 65.0 66.2 96.5

Thermodesulfovibrio islandicus 62.9 63.3 62.0 60.7 64.7 63.7 66.8 64.6 64.6

Desulforhabdus amnigena 60.1 60.5 58.6 57.0 57.1 56.5 59.7 59.5 60.0 59.6

Syntrophobacter wolinii 62.0 62.4 60.5 57.2 58.0 57.1 61.0 62.0 62.9 59.8 90.4

“Desulfoarculus baarsii” 57.7 58.5 552 54.4 53.6 55.3 589 57.0 58.0 58.5 78.7 79.5

Desulfotomaculum ruminis 59.1 59.5 56.6 56.3 552 56.3 59.1 55.1 55.6 57.7 77.4 779 76.9

Desulfotomaculum putei 59.8 60.6 58.1 57.7 57.0 56.6 59.8 56.1 56.6 58.8 78.9 77.1 76.4 93.6

Desulfotomaculum kuznetsovii 60.5 60.1 59.4 573 579 59.7 62.5 62.0 62.1 60.2 79.2 79.3 74.4 743 75.8

Archaeoglobus veneficus 60.2 622 57.0 58.0 582 57.8 60.2 59.5 59.2 573 61.8 60.4 60.3 60.9 61.9 63.5

Archaeoglobus profundus 60.6 61.0 58.6 57.0 58.4 57.7 57.7 62.6 62.7 57.7 59.2 59.5 58.9 59.2 59.4 64.5 83.3

Archaeoglobus fulgidus 61.0 61.4 59.3 56.4 57.8 54.6 57.0 58.7 59.6 56.5 61.8 61.2 59.1 59.4 60.9 61.6 71.0 73.4

“ Microorganisms with inferred xenologous apsA are in boldface.

ApsA- and 16S rRNA-based trees both indicated that Ar-
chaeoglobus, gram-positive SRB, and &-proteobacterial SRB
form monophyletic lineages. SRB belonging to the order “De-
sulfovibrionales” and to the families “Desulfobacteraceae” and
“Desulfobulbaceae” were recovered as sublineages within the
d-proteobacteria. However, there were major differences in the
relative branching order between the 16S rRNA- and ApsA-
based trees for the thermophilic Thermodesulfovibrio islandicus
and Thermodesulfobacterium spp., d-Proteobacteria belonging
to the “Syntrophobacteraceae,” the “Nitrospinaceae” (Desul-
fobacterium anilini, Desulfoarculus baarsii, Desulfomonile tied-
jei), and the desulfobacteraceal Desulfocella halophila. All
“Syntrophobacteraceae” and “Nitrospinaceae” analyzed (Table
2) grouped well within the phylogenetic radiation of low-G+C
gram-positive genus Desulfotomaculum (Fig. 1). Desulfoto-
maculum halophilum, for which only a short apsA amplification
fragment was recovered (GenBank accession no. AF418167),
was found to group with the low-G+C gram-positive SRB (not
shown in Fig. 1).

Thermodesulfovibrio islandicus and Thermodesulfobacterium
spp. each formed monophyletic lineages and branched off be-
tween the gram-positive SRB and the §-proteobacterial SRB
with high support values (bootstrapping: 100 [neighbor-join-
ing], 99 [parsimony], and 93% [QP]). PUZZLE analysis indi-
cated a weak association of Thermodesulfovibrio islandicus and
Thermodesulfobacterium spp., but only with a low support value
(QP support of <70%). In contrast, 16S rRNA gene analysis
clearly showed that the two species represented lines of de-
scent close to the root of the Bacteria.

The most parsimonious explanation for these significant to-
pological differences between the ApsA- and 16S rRNA-based
trees is the occurrence of multiple lateral transfers of apsA

genes between SRP of the “Syntrophobacteraceae,” the “Nitro-
spinaceae,” and the thermophilic Thermodesulfovibrio islandi-
cus and Thermodesulfobacterium spp. Another topological dif-
ference between the two trees was observed: the ApsA-based
tree indicated that Desulfocella halophila is closely related to
Desulfofaba gelida and Desulfofrigus oceanense, although only
with low bootstrap support, whereas the 16S rRNA-based trees
indicated a closer relationship of Desulfocella halophila to the
Desulfobacter branch of the “Desulfobacteraceae,” but again
only with low bootstrap support.

We also compared ApsA- and DsrAB-based phylogenies
from a subset of 42 sulfate-reducing microorganisms. This
comparison was of particular interest because of the recently
described occurrence of lateral dsrAB gene transfer events
(19). Fragments of the dsr4AB genes were amplified from ref-
erence strains (n = 25) using primer pair DSRI1-F and
DSR4-R (41) and sequenced directly, or sequences available in
public databases were used for comparison (as indicated in
Table 2). The overall tree topologies of ApsA- and DsrAB-
derived analyses were similar (Fig. 2). Some of the differences
in topologies were due to different occurrences of lateral trans-
fer events affecting mostly a subset of gram-positive SRB and
Archaeoglobus spp. for the dsrAB genes and members of the
“Syntrophobacteraceae” and “Nitrospinaceae” for the apsA
genes. The only SRB affected by a dual lateral transfer of both
genes were Thermodesulfobacterium spp. Other topological dif-
ferences included the relative branching order of the “Desul-
fobulbaceae” clade, which was closer to the “Desulfobacter-
aceae” in the ApsA-based trees (>80% bootstrap support); in
DsrAB-based trees, the “Desulfovibrionaceae” clade was closer
to the “Desulfobacteraceae.” Although the “Desulfovibrionales”
formed a consistent clade in 16S rRNA- and ApsA-based trees,
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Desulforhabdus amnigena

Archaeglobus veneficus
—+_: Archaeglobus profundus

Archaeoglobus fulgidus
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FIG. 1. Comparison of ApsA- and 16S rDNA-based phylogenetic trees of members of major lineages of the sulfate-reducing microorganisms.
Both trees were calculated using distance matrix-based FITCH analysis. Archaeoglobus spp. were used as the outgroup reference. Microorganisms
with inferred laterally transferred aps4 genes are color coded: red, Thermodesulfobacterium spp. and Thermodesulfovibrio islandicus; blue,
“Syntrophobacteraceae”, green, “Nitrospinaceae.” Red lines, multifurcations; red arrow, lineage with inferred lateral gene transfer. Bootstrap
support values were obtained from neighbor-joining (100 resamplings) and parsimony analyses (500 resamplings). Solid circles, nodes with a
bootstrap support and QP support of >80% for all analyses; open circles, nodes with support of >60 and <80%. Groups monophyletic in the two
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trees are shaded in gray. Bars, 0.1 changes per nucleotide or amino acid position.
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FIG. 2. Comparison of ApsA- and DsrAB-based phylogenetic trees of members of major lineages of the sulfate-respiring microorganisms. Both
trees were calculated using distance matrix-based FITCH analysis. The DsrAB tree was rooted with Thermodesulfovibrio islandicus. Bootstrap
analyses, node labeling, and color coding are as described in the legend of Fig. 1. Microorganisms with inferred laterally transferred dsr4AB genes
are color coded: purple, Desulfotomaculum spp.; orange, Archaeoglobus spp.; red, Thermodesulfobacterium commune. Bars, 0.1 changes per amino

acid position.
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ApsA amino acid positions

8-Proteobacteria-like 126 158 181 205
Desulfobacter curvatus PIWKK-TDDGKNLDGKKGQKA--GT-LKAGATPVRT ALG-—----—- DENILERVFIVEILNDKDDPTR
Desulfosarcina variabilis PVWKK-SEDGKNMDGKKGOKM--GT-LKSGAQPVRT ALG--------EDNIIERCFIVELLLDANVENQ
Desulfocella halophila PVWKK-NAEGENLDGA---KPA-PT-LREGGTPVRT ALG--------EDNIMERIFIVELLNDKNEENR
Desulfobulbus rhabdoformis PVWKK-GADGENLDGA---KPA-KS-LREGGTPVRT ALG--------EENVMERVFIVKMLLDKNKENT
Desulfofustis glycolicus PCWIK-DEHGHNLDGAQA-KAAGKS-LRNGDDPVRS ALG- --DDNILERVFIVKLLLDKNKPNQ
Desulfovibrio vulgaris PCWVK--EGDHNLDGAQA-KAKGLS-LRTGAKPVRS ALG- —--EARIMERIFIVKLLLDANTPNR
Desulfonatroum lacustre PCWVK--EGDHNLDGAQA-KAKGLS-LRTGAKPVRS AIG- --QDNYLERIFVVKLLLDANTPNR

Th hverag
Th lesulfovbrio i 5
Gram-positive SRB

PIWKKDPNTGKTLDGAEA-KAKGLT-LKSGVQPVRS
PIWKK-GDDGF'SLDGFQA-RDAGKPALKDGGVPCRS

YDKAEIIERCFIVRPLLDANDKSR
ALEFNRKATGQAQNIYERVFIVKLLKDAKEPNR

Desulfotomaculum ruminis INQYLGI-AK---GDNT PIWT--NDEGNY: VRG AL TDNIYERVYICEPIMD---GDR
Desulfotomaculum kuznetsovii INLYIGQ-AA---GDNT PIWK--DENGKY: HE ALN LGPDNIYERVFIVEPLMD---GDR
Syntrophobacter wolinii INQYIGW-AA---GDNT PIWL--SEDGKY: VHE AL DKGQLIERVFIVEPLMD---GDR
“Desulfoarculus baarsii” NEYIGY-AA---GDNS PIWT--DENGKF-===—==mmmmmmmo oo VRE AMK------] DAGCDIIERVFIVGPIMD--~GER
Archaea

Archaeoglobus veneficus INTYMGMSGKVIFGQHT PIWK---EGDKY VRE AT IYERVFITHLLMDKNDPKR
Archaeoglobus fulgidus INTYIDLTGR-SERQNT PIWK--TPDGKY VRE A NIYERVFIFELLKDKNDPNA

FIG. 3. Sequence alignments showing indels within ApsA among representatives of the major lineages of sulfate-respiring microorganisms.
Note that 3-proteobacterial members of the Syntrophobacteraceae (i.e., Syntrophobacter spp.) and Nitrospinaceae (i.e., Desulfoarculus baarsii) carry
insertions (boldface) and deletions (shaded in gray) characteristic of gram-positive Desulfotomaculum spp., whereas Thermodesulfobacterium spp.
and Thermodesulfovibrio islandicus carry insertions (boldface) characteristic of d-proteobacteria. Sulfate-reducing microorganisms with an inferred
xenologous ApsA are in boldface. Amino acid positions are numbered according to ApsA of Desulfovibrio vulgaris.

they were recovered only in two separate branches: the “De-
sulfomicrobiaceae” and “Desulfohalobiaceae” grouped within
the radiation of the “Desulfobacteraceae,” whereas the “Desul-
fovibrionaceae” did not (>80% bootstrap support).

Indels present in ApsA. Additional evidence for lateral
transfer of apsA genes among SRB arises from six regions of
the ApsA sequence with minor and major indels (excluded
from phylogenetic analyses) present in different lineages (three
regions shown in Fig. 3). Archaea, gram-positive SRB, and
those gram-negative SRB with a presumed xenologous apsA
gene (i.e., “Syntrophobacteraceae” and “Nitrospinaceae™) all
have a major deletions between positions 137 and 156 of ApsA
(numbering according to Desulfovibrio vulgaris; Fig. 3). On the
other hand, certain insertions were not present in d-proteo-
bacterial SRB. For example, between positions 183 and 184
of the Desulfovibrio vulgaris ApsA are found two (Desulfo-
monile tiedjei, Desulfobacterium anilini [not shown]), three
(Thermodesulfobacterium spp., Desulfotomaculum kuznetsovii,
Desulfotomaculum thermobenzoicum [not shown]), four (“Syn-
trophobacteraceae”), or eight (Thermodesulfovibrio islandicus)
additional amino acids.

DISCUSSION

This is the first comprehensive study to analyze the phylog-
eny of the APS reductase a-subunit (ApsA) from a taxonom-
ically wide range of sulfate-reducing prokaryotes. Comparative
analysis of ApsA- and 16S rRNA-based phylogenies revealed
significant differences in tree topologies, which suggests that
multiple lateral aps4 gene transfers occurred among SRP.

Using the newly developed PCR primer set comprising
APS7-F and APS8-R, apsA fragments with high sequence sim-
ilarity to previously published apsA/aprA sequences were ob-
tained from almost all SRP tested (Table 2). The apsA4 genes of
certain strains were amplified only when a considerably lower
annealing temperature was used, which indicates possible mis-
matches at the primer binding sites. Still, the new primer pair
allowed us to obtain an amplified aps4 DNA fragment consid-
erably longer than those obtained by using the previously used
primer pair APS-FW and APS-RV (7).

All ApsA sequences determined (including positions 73 to

386 of the Desulfovibrio vulgaris numbering) contained most of
the core regions of the a-subunit of the APS reductase. Based
on sequence comparisons with other flavin adenine dinucleo-
tide-containing oxidoreductases, it has been suggested that this
region contains the active site of APS reductase (14, 38). In
general, the potential binding site of the substrate APS (resi-
dues 248 to 272) was highly conserved in all ApsA sequences
analyzed. However, notably the gram-positive SRB and mem-
bers of the “Syntrophobacteraceae” and of the “Nitrospinaceae”
contained an additional aliphatic amino acid residue (between
Desulfovibrio vulgaris positions 260 and 261) and a phenylala-
nine (between Desulfovibrio vulgaris positions 261 and 262) and
had a deletion at position 265 (data not shown), which may
affect APS binding. A more detailed comparison of structural
features of APS reductase with the extensive AprA sequence
data available will soon be possible since the three-dimensional
structure of the APS reductase from Archaeoglobus fulgidus is
being determined (36).

The universal phylogenetic tree based on rRNA, and the
small-subunit (SSU) rRNA in particular, is still generally ac-
cepted to reflect the phylogeny of all organisms (8, 48). The
SSU rRNA molecule is ubiquitous, exhibits functional con-
stancy, and changes slowly in sequence, which makes it suitable
as a phylogenetic marker. Most importantly, however, is the
apparent lack of extensive LGTs affecting the rRNA genes
(48). Only a few instances of a genus level transfer of 16S
rRNA genes have been reported so far (43) but none across
bacterial divisions. Based on the assumption that the 16S
rRNA genes of SRP reflect their true evolutionary history, we
compared both 16S rRNA- and ApsA-based trees to identify
microorganisms which have been involved in LGT of apsA4
genes.

Major topological differences between the ApsA- and 16S
rRNA-based trees suggest that seven species of the “Syntro-
phobacteraceae,” three members of the “Nitrospinaceae,” three
Thermodesulfobacterium spp., and Thermodesulfovibrio islandi-
cus carry xenologous apsA genes. The most parsimonious ex-
planation for the discrepancies in tree topologies is the lateral
transfer of apsA genes, which is supported by the following
findings. (i) All treeing methods utilized for phylogenetic re-
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construction agree on the tree topology, with strong statistical
support for the decisive nodes (e.g., branching of gram-positive
SRB relative to 3-proteobacterial gram-negative SRB; Fig. 1).
The 3-proteobacterial members of the “Syntrophobacteraceae”
and “Nitrospinaceae” were clearly recovered monophyletically
with the gram-positive SRB. The thermophilic Thermode-
sulfovibrio islandicus and the Thermodesulfobacterium spp.
branched off between the 3-proteobacterial SRB and the gram-
positive SRB and not, as would be expected from 16S rRNA
analysis, close to the root of the tree. (ii) The ApsA sequences
are highly conserved (Table 2), which excludes treeing artifacts
stemming from alignment errors. (iii) The patterns of indels of
gram-positive SRB, the “Syntrophobacteraceae,” and the “Ni-
trospinaceae” were similar (Fig. 3).

An alternative interpretation of the discrepancy in tree to-
pologies is a series of gene duplications and losses. However, it
is unlikely that the convergent evolution of paralogous ApsA
sequences in members of the d-proteobacterial gram-negative
“Syntrophobacteraceae” and “Nitrospinaceae” resulted in se-
quences closely related to the ApsA sequences of the gram-
positive SRB rather than to those of 8-proteobacterial ApsA.
Furthermore, and a “Syntrophobacteraceae” and “Nitrospi-
naceae” are distantly related at the 16S rRNA level (Fig. 1). A
gene duplication and a loss event cannot be ruled out com-
pletely, however, for the aps4 genes of the thermophilic Ther-
modesulfovibrio islandicus and Thermodesulfobacterium spp.
since an orthologous apsA4 gene of the donor lineage of a
putative LGT is not present. Finally, a putative gene duplica-
tion event would require in all cases either that the orthologous
apsA gene was lost or that the orthologous apsA gene copy was
overlooked. The PCR products were directly sequenced, and
no evidence for the presence of two or more gene copies (i.e.,
ambiguous sequence data) was obtained. In addition, PCR
fragments obtained by using two independent PCR assays tar-
geting different regions of the aps4 gene (i.e., using primer
pairs APS-FW and APS-RV and APS7-F and APS8-R) were
sequenced, and phylogenetic placement of ApsA sequences
was the same regardless of whether the trees were based on the
shorter or longer PCR fragment (i.e., using primer pairs APS-
FW and APS-RV or APS7-F and APS8-R, respectively) (data
not shown). Thus the presence of different apsA sequences in
the reference strains studied was not indicated. This issue can
only be resolved by extensive Southern hybridization experi-
ments, which were beyond the scope of this study.

A donor lineage for the LGT event inferred for the thermo-
philic Thermodesulfovibrio islandicus and Thermodesulfobacte-
rium spp. is not apparent; in contrast the gram-positive SRB
clearly represent the donor lineage for the LGT affecting mem-
bers of the “Syntrophobacteraceae” and of the “Nitrospinaceae.”
Since the ApsA-based tree topology indicates only a weak
association of the two families (Fig. 1 and 2), the possibility
that both families received their xenologous apsA4 genes in two
independent LGT events cannot be ruled out. A direct apsA4
gene donor, however, cannot be currently inferred since all
analyzed gram-positive SRB form two separate clades (Fig. 1),
which also indicates that the observed LGT was not a recent
event. This is also supported by the absence of a conclusive
difference in the G+C contents of xenologous apsA4 genes and
orthologous dsrAB genes from within the same SRB (Fig. 2)
(19) (G+C data not shown). Differences in G+C contents of
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host genomes and acquired genes have been used to detect
recent LGT events (25). Thus, a recent LGT could have been
detected by similar G+C contents and codon biases of the
xenologous apsA gene of the recipient and the orthologous
apsA of the putative donor SRB. However, codon biases and
G+C contents of xenologous genes will be ameliorated to
reflect the DNA composition the host genome over time since
the same mutational processes affect all genes in the recipient
genome.

Another lateral transfer of apsA4 genes probably affected the
Archaeoglobales (Fig. 1); however, only limited support for this
assumption is provided by our analyses. Such a LGT has been
considered earlier, albeit one based on the phylogenetic anal-
ysis of a limited ApsA data set, including sequences of the
sulfur-oxidizing phototroph Allochromatium vinosum, as well
as Desulfovibrio vulgaris and Archaeoglobus fulgidus (14). Based
on our analysis, the high degree of conservation of the ApsA
sequences of Archaeoglobus spp. compared to those of the
gram-positive Desulfotomaculum spp. and the relatively short
length of the Archaeoglobales branch compared to the length in
the 16S rRNA-based tree (Fig. 1) suggest that Archaeoglobus
spp. possibly carry a xenologous apsA gene. Conversely, Ar-
chaeoglobus spp. appear to branch off deeply in the ApsA-
based tree of the SRP analyzed, which justified the rooting of
the tree with ApsA sequences of Archaeoglobus spp. Further
support for xenologous apsA genes in Archaeoglobus spp. arises
from phylogenetic analysis of DsrAB (Fig. 2) since there is
increasing evidence that Archaeoglobus spp. carry xenologous
dsrAB genes (19, 23, 29). Paralogous rooting of DsrA and DsrB
indicated that Thermodesulfovibrio spp., and not Archaeoglobus
spp. as expected from 16S rRNA-based trees (Fig. 1), are
closest to the root (19). Thus, taking into consideration that
Archaeoglobus spp. are currently the only recognized archaeal
sulfate reducers, it appears likely that not only the dsrAB genes
but also the apsA genes of Archaeoglobus spp. were laterally
transferred. Interestingly, Archaeoglobus veneficus reduces only
sulfite and thiosulfate, but not sulfate (16), even though this
strain carries an apsA gene.

The high frequency of lateral transfers involving genes es-
sential for sulfate reduction, such as the dsrAB genes (19) and
the apsA genes, indicates that lateral transfer has been a fre-
quent event affecting the evolutionary path of sulfate-respiring
prokaryotes. As a possible explanation for the widespread lat-
eral distribution of the dsr genes, it has been suggested that the
dsr genes could be part of mobilizable metabolic islands (19).
Several lines of evidence suggest that at least the APS reduc-
tase and the sulfite reductase genes do not form a genomic
island in the genomes of SRP. (i) All lateral apsA4 transfers
detected were not paralleled by a lateral transfer of the dsr4B
genes, with the exception of those for Thermodesulfobacterium
spp. and possibly the Archaeoglobus spp. (Fig. 2) (19). (ii) The
only completed genome sequence of a sulfate-reducing micro-
organism, i.e., Archaeoglobus fulgidus (the sequencing of sev-
eral others, i.e., those of Desulfovibrio vulgaris, Desulfovibrio
desulfuricans, Desulfotalea psychrophila, and Desulfobacterium
autotrophicum, is under way [http://wit.integratedgenomics
.com/GOLD/prokaryagenomes.html]) reveals that dsrAB and
aprBA genes are not present in one operon or physically close
(nucleotide positions 381478 to 383834 and 1498455 to
1500855 of the Archaeoglobus fulgidus genome, respectively
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[20]). However, the ATP sulfurylase gene, sat, is adjacent to
aprBA within the same operon (20). Although this linkage of
genes remains to be shown for other SRP, it makes sense from
an ecophysiological point of view. Whereas apsBA and sat are
required for sulfate respiration, sulfite respiration is an inde-
pendent metabolic trait, and indeed several microorganisms
cannot reduce sulfate but reduce sulfite instead, e.g., Pyrobacu-
lum islandicum (29), Desulfitobacterium spp. (15), Archaeoglo-
bus veneficus (16), and Bilophila wadsworthia (24).

Although sulfate and sulfite respiration appears to be vital
for growth of these microorganisms, this is not the case, and
several types of sulfate reducers are capable of fermentative
growth in the absence of sulfate or other inorganic electron
acceptors (46). This versatility of energy conservation could
have facilitated the integration of newly acquired xenologous
aps or dsr genes into the genetic framework of the recipients
without the recipients becoming dependent on these genes
before the genes became fully functional in the cell with re-
spect to codon usage or regulation. In fact, Syntrophobacter
spp., which carry xenologous apsA4 genes, grow fermentatively
as syntrophic propionate oxidizers, and had been isolated as
such, and their ability to reduce sulfate was detected only later
(42).

Further patterns of LGTs in SRP exist; these may also be
linked to their ecophysiology. Most recipients of xenologous
dsrAB and apsA genes are thermophilic (Table 2; Fig. 1 and 2),
which suggests a thermophilic lifestyle of sulfate-reducing pro-
karyotes involved in LGTs (19). Moreover, some of the spore-
forming gram-positive SRB are dsr4B recipients (Fig. 2) (19),
and gram-positive SRB represent the donor lineage for xenolo-
gous apsA genes in members of the “Syntrophobacteraceae”
and “Nitrospinaceae” (Fig. 1). Spore-forming SRB have a se-
lective advantage in environments with fluctuating water avail-
ability and oxygen stress (47). It may be a further advantage to
acquire new genes under these conditions, which could explain
the frequent involvement of spore-forming gram-positive SRB
in LGT.

Functional markers for physiologically coherent groups of
microorganisms (guilds) such as the dsr4AB and apsA genes
have been used for the characterization of sulfate-reducing
populations in a variety of habitats (4, 7, 28, 34, 49); however,
a thorough phylogenetic framework has not yet been available.
Besides the LGT events detected, we could show that the
overall phylogeny of the ApsA-based tree is rather similar to
the rRNA-based tree for most of the larger taxa of recognized
SRB, including “Desulfovibrionales,” “Desulfobacteraceae,” and
“Desulfobulbaceae.” In addition, we could add a substantial set
of dsrAB reference sequences, including those of further mem-
bers of the “Desulfovibrionales,” “Desulfobacteraceae,” “Desul-
fobulbaceae,” and the “Syntrophobacteraceae.” The phyloge-
netic analysis of DsrAB is in agreement with that established
previously. Interestingly, some of the “Desulfovibrionales” (in-
cluding Desulfomicrobium spp. D. lacustre, D. hydrogenovorans,
and D. retbaense but not D. pigra) formed a cluster separate
from members of the “Desulfovibrionaceae.”

With the phylogenetic framework of the two gene markers
provided here and previously (19) it will now be possible to link
environmental sequences at least to most of the recognized
lineages of SRP. Since we could demonstrate that LGT is a
frequent event in the evolution of SRP, phylogenetic infer-
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ences in environmental diversity studies should be interpreted
cautiously.
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